ABSTRACT: Monoterpenes, present in aromatic plants, are known to inhibit bone resorption in vivo. In this in vitro study, they inhibited the activation of osteoclasts only at high concentrations but inhibited the formation at much lower concentrations. Therefore, monoterpenes may act in vivo directly on osteoclastogenesis.
INTRODUCTION

M
ONOTERPENES ARE MOLECULES with 10 carbon atoms composed of two isoprene units and are mostly cyclic. They are widely distributed in the plant kingdom and are the main components of essential oils. Various herbs, such as mint, rosemary, sage, and thyme, as well as citrus peels are rich in monoterpenes. (1) Monoterpenes are used for medical applications in ointments, balms, and bath additives, as ingredients in cosmetics and cleaning products, and as food flavorings. They have been proposed to be used as chemopreventive and chemotherapeutic drugs because of their inhibitory effect on cell growth in vitro (e.g., cell proliferation of carcinoma cells and lymphocytes stimulated with phytohemagglutinin). (2, 3) Members of our group showed previously that monoterpenes inhibit bone resorption when added in vitro to isolated rat osteoclasts cultured on ivory slices and in vivo when fed to rats. (4) The mechanism by which monoterpenes act on cells has not yet been entirely elucidated. Results of various reports suggest that they may interfere with the mevalonate pathway (i.e., the synthesis of isoprenoids). (2) Isoprenoids are precursors of a group of molecules that play important roles in cellular functions. These molecules are cholesterol, a component of the cell membrane, dolichol phosphates required for the N-linked protein glycosylation, isopentyladenine in some types of tRNA, and ubiquinone and heme-a in the mitochondrial respiratory chain. Furthermore, the isoprenoids farnesol and geranylgeraniol are required for the prenylation of various proteins, this being a prerequisite for the activation of these proteins. Well known are the small G proteins. (5) They play a very important role in the formation and function of osteoclasts. (6) (7) (8) (9) (10) To learn more about the mechanism by which monoterpenes inhibit bone resorption, in vitro experiments have been performed in this study. Because bone resorption is dependent on both, the formation and the activation of osteoclasts, the effect of monoterpenes on these two pro-cesses was studied. The formation of osteoclast-like cells (OCLs) in co-culture was inhibited by the monoterpenes in a way that does not involve the mevalonate pathway. When studied in separate experiments, the two cell types present in the co-culture, the osteoblastic feeder cells and the hemopoietic cells, were inhibited less than in the co-cultures. The effect on the activation of isolated osteoclasts was assayed by observation of the actin ring formation that occurs relatively rapidly and that makes it possible to show early effects. The actin ring is a characteristic of a resorbing osteoclast and indicates the polarization of the cell. (11) Osteoclasts form actin rings not only when attached to a mineralized matrix, but also when attached to glass coverslips treated with FBS. (12) The monoterpenes inhibited the actin ring formation only at high concentrations. The results suggest that monoterpenes inhibit bone resorption in vivo by impairing the osteoclastogenesis.
MATERIALS AND METHODS
(S)-(−)-perillic acid, mevastatin, collagenase type IA, mentholglucuronic acid ammonium salt, naphthol-AS-TRphosphate, Fast Red TR Salt hemi (zinc chloride) salt, and Medium 199 were obtained from Sigma; (+)-, and (−)-perillyl alcohol, (−)-perillic acid, trans,trans-farnesol, geranylgeraniol, and N,N-dimethylformamide were from Fluka Chemie; the other monoterpenes were from Roth AG; FTI277and GGTI-298 was from Calbiochem; Alexa Fluor 488 phalloidin was from Molecular Probes; IMMU-MOUNT was from Thermo Shandon; ␣-MEM and FBS (Biologicals Industries) were from INOTECH; purified bovine dermal collagen for cell culture and biochemistry was from Cellon SA; and RANKL was from Merck. Recombinant murine macrophage colony-stimulating factor-1 (CSF-1) was generously provided by Cetus Oncology; 1,25-dihydroxycholecalciferol [1,25(OH) 2 D 3 ] was from F. Hoffmann-La Roche; and transverbenol was from Givaudan. The monoterpenes were dissolved in ethanol at a concentration of 1 M in glass tubes covered with a Teflon cover. Both the monoterpenes and 1,25(OH) 2 D 3 , dissolved in ethanol, were diluted 1000 times into the medium containing 10% FBS.
Culture of OCLs
Bone marrow cells were flushed out from femora and tibias of 6-to 8-week-old male ddy mice (bred in the Central Animal Facilitiy of the Medical Faculty) with ␣-MEM containing Hank's salt; 6 × 10 4 cells were co-cultured with 8 × 10 3 osteoblasts in 48-well tissue culture plates in ␣-MEM-Earle's supplemented with antibiotics, 10% FBS, 10 nM 1,25(OH) 2 D 3 , 50 M mercaptoethanol, 50 mg/liter ascorbate, and ± monoterpenes. Because monoterpenes are volatile and through the gas phase can be transferred to other wells within the same plate, for each monoterpene and concentration, the cultures were grown in separate plates. Furthermore, the wells surrounding the wells containing the cells were filled with the same medium. The medium was changed every day to maintain the concentration of the monoterpenes. After 4-5 days of culture, the cells were fixed with acetone-citrate buffer or 3% paraformaldehyde in PBS and stained for TRACP. TRACP + multinuclear cells with more than three nuclei were counted as OCLs. For the preparation of the staining solution, 10-15 mg of naphtol-AS-TR-phosphate were dissolved in 50 l of N,N-dimethylformamide, diluted with 10 ml of acetate buffer, pH 5.2. Finally, 10-15 mg of Fast Red TR Salt hemi(zinc chloride) salt were dissolved, and the solution was used.
Culturing OCLs from spleen cells
Three spleens from 2-week-old ddy mice were torn to pieces with tweezers, and the pieces were resuspended in ␣-MEM-Hank's and pressed through a 100-m mesh Nylon net. The cells were resuspended and kept for 20 minutes in ice-cold PBS containing 136 mM NH 4 Cl and 1.4 mM Tris, pH 7.2. After washing with ␣-MEM--Hank's, 4 × 10 5 cells were plated in 48-well culture dishes in 0.25 ml of co-culture medium supplemented with 30 ng/ml CSF-1 and 25 ng/ml RANKL but without 1,25(OH) 2 D 3 . Before the medium changes at days 1 and 2, the culture plates were centrifuged at 250g to sediment the nonadherent cells, and 60% and 80% of the culture medium, respectively, were replaced. Afterward, the complete medium was replaced daily without further centrifugation. After 4-5 days, the cultures were terminated, and the TRACP + OCLs were counted as described above.
Culturing of osteoblasts
Primary osteoblasts were prepared as described elsewhere. (13) Calvaria of 1-to 3-day-old ddy mice (bred in the Central Animal Facility of the Medical Faculty) were incubated in 4 mM EDTA-PBS at 37°C for 30 minutes and minced. The bone fragments were placed in Petri dishes (8 cm diameter) in MEM-Earle's supplemented with 15% FBS, 2% collagen, and 50 mg/liter ascorbate. Within 6 days at 37°C in 5% CO 2 /95% air, osteoblasts grew out from the bone fragments. They were harvested by digesting the collagen gel with collagenase. The suspended cells were collected by centrifugation and kept frozen in liquid nitrogen. When used, 10 6 cells/75-cm 2 culture flasks were grown in ␣-MEM-Earle's containing 10% heat-inactivated FBS, 50 M mercaptoethanol, antibiotics, and 50 mg/liter ascorbate. After 4-5 days, the cells were released by trypsin digestion and used for the experiments. The same medium as for the co-culture was also used for the osteoblast cultures and replaced daily.
Isolation of rat osteoclasts
Authentic osteoclasts were isolated from femora and tibias of 1-to 2-day-old Wistar Hanlbm rats (bred in the Central Animal Facility of the Medical Faculty). The bones were cut into small pieces in Medium 199 with Hank's salt containing 20 mM HEPES (pH 7.3). After the bone particles had settled for 1 minute, the cell suspension was collected and centrifuged at 125g for 5 minutes. The pellet was suspended in the above described medium containing 10% FBS. Aliquots of 50 l were distributed on glass coverslips of 13 mm diameter placed in 24-well culture dishes. After incubation for 1 h at 37°C in air, nonadherent cells were washed off. The attached cells were incubated ± monoterpenes for 3 h, if not specified otherwise. Before use, these coverslips were incubated overnight in 0.15 M NaCl containing 30% FBS and were subsequently washed with water and dried. Usually, osteoclasts isolated from the bones of eight rats were distributed on 32 coverslips.
Cell number
The cell number was determined by measuring the viable cells using a kit (Cell Proliferation Kit II [XTT]; Roche Diagnostic). Osteoblasts (4 × 10 3 per well) were cultured in 96-well tissue culture dishes in 0.1 ml medium. At the end of the culture, the cells were incubated with XTT, and the resulting product was measured spectrophotometrically (microplate reader; BIO-RAD) at 490 nm.
Lactate dehydrogenase release
The activity of lactate dehydrogenase (LDH) was determined using a kit (CytoTox96 nonradioactive cytotoxicity assay; Promega). Osteoblasts (8 × 10 3 /well) were grown in 48-well tissue culture plates in 0.25 ml medium, and the spleen cells were grown as described above. Every 24 h, the media were collected and kept at 4°C. On day 4, after collection of the medium, lysis buffer was added to the cells. The activity of LDH in the lysate and in the pooled media of days 1 and 2 and of days 3 and 4, respectively, were determined.
Alkaline phosphatase
Osteoblasts (4 × 10 3 per well) were grown in 96-well tissue culture plates. At the end of the culture, the cells were washed with PBS and lysed in 20 l 0.1% Triton-X-100 in water by freezing and thawing three times. After incubation with 0.1 ml of 3 mM p-nitrophenylphosphate in 1 M ethanolamine, pH 9.5, for 1 h, the reaction was stopped with EDTA, and the absorption was measured at 405 nm with a multiwell spectrophotometer. The enzyme activity was normalized against the cell number (E 490 ) and is given as E 405 /E 490 .
RT-PCR for OPG and RANKL mRNA
To determine the levels of mRNA encoding RANKL and OPG synthesized by osteoblasts, the cells were seeded into 24-well plates (2 × 10 4 cells/well) and grown for 2 days. Total RNA was isolated using the RNeasy Mini Kit from Qiagen, according to the recommendations of the manufacturer. The total RNA was reverse transcribed using Moloney murine leukemia virus (MMLV) reverse transcriptase (Roche Diagnostics) and random hexamers (Promega). For amplification in an ABI PRISM 7900 system (Applied Biosystems), Assays-on-Demand (Applied Biosystems) for RANKL (m00441908_m1) and OPG (Mm00435452_m1) were used. The C T values were normalized against 18S rRNA (HS99999901_s1). The reactions were performed using the TaqMan Universal PCR Master Mix (Applied Biosystems), Assay-on-Demand mixtures diluted 1:20 and 1 ng (0.01 ng for 18S rRNA) cDNA. The reaction mixes were preincubated for 2 minutes at 50°C, followed by 10 minutes at 95°C. Thereafter, 45 cycles of 15 s at 95°C and 1 minute at 60°C each were performed.
The results were analyzed using the ABI PRISM sequence detection application software SDS V2.1.
Staining of actin rings
The osteoclasts were washed once with PBS of 37°C, fixed with 3% paraformaldehyde for 5 minutes, washed three times with PBS, and under cooling with ice water, permeabilized for 5 minutes in PBS containing 0.5% Triton-X-100. After three washes with cold PBS, the coverslips were put upside down on a drop of a solution of Alexa Fluor 488 phalloidin, dissolved in PBS containing 1% BSA (30 l, 6 units/ml). The incubation lasted 40 minutes at room temperature in a box with humid atmosphere. After two washes with water, the coverslips were embedded with IMMU-MOUNT. The osteoclasts were counted using phase contrast and those with actin ring(s) using fluorescent light (excitation: 465-495 nm, fluorescence 515-555 nm, beam splitter reflecting light < 505 nm; Nikon microscope, Eclipse E800). The osteoclasts with actin rings are expressed as percentage of the total number of osteoclasts, and are a measure of the activity of osteoclasts.
Statistics
The results of at least two independent experiments, expressed as percentage of the controls, were combined and presented as mean ± SE, if not stated otherwise. 
RESULTS
Effect of monoterpenes on the formation of OCLs in co-culture
The effect of monoterpenes on the formation of OCLs was studied in co-culture of bone marrow cells and osteoblasts during a culture period of 4 days. Because the monoterpenes are volatile and therefore disappear from the medium, (14) (M Spichiger, unpublished data, 2004), the medium was changed every day. As seen in Fig. 1 , the monoterpenes inhibited the formation of OCLs dose dependently down to concentrations of 10 M in the case of borneol and menthol and down to 1 M in the case of perillyl alcohol, transverbenol, and perillic acid.
Effect of farnesol and geranylgeraniol on the inhibition of OCL formation by menthol and perillyl alcohol
It has been proposed that monoterpenes inhibit the mevalonate pathway. (2) This results in a reduced production of the isoprenoids farnesyl-and geranylgeranylpyrophosphate. The fall of the concentration of these molecules, which are substrates for the protein isoprenyl transferases, impairs the prenylation of proteins. Indeed, a decrease of the prenylation of small G proteins impairing their function has been observed in cells incubated with monoterpenes. (15, 16) The aminobisphosphonates, potent drugs against diseases with high bone resorption, act by this mechanism, (17) inhibiting the farnesylpyrophosphate syn-thase. (18, 19) In vitro, the effect the aminobisphosphonates can be blocked by geranylgraniol, the substrate for the prenylation. Thus, the inhibition of OCL formation in coculture by aminobisphosphonates was reversed when the geranylgeraniol, the substrate for the prenylation, was added to the cells. (20) Therefore, we tested whether the inhibition OCL formation by menthol and perillyl alcohol could be reversed. Farnesol or geranylgeraniol, respectively, was added to 5-day co-cultures during the last day. As seen in Fig. 2A , neither of the two isoprenoids reversed the inhibition, suggesting that the monoterpenes do not act through the isoprenoid synthesis and prenylation on OCL formation.
To show that geranylgeraniol is able to reduce the inhibition of OCL formation when the synthesis of isoprenoids is inhibited, mevastatin, an inhibitor of the HMG-CoA reductase, was added to the co-culture (Fig. 2B) . Geranyl- geraniol reversed the inhibition by mevastatin up to ∼70% of the control, whereas farnesol had no effect.
Effect of monoterpenes on osteoblasts
The inhibition of the OCL formation in co-culture by monoterpenes can be caused by an effect on the hemopoietic cells, the osteoblasts, or both. Therefore, the effect of monoterpenes on osteoblasts was tested.
Osteoblasts were grown for 4 days (Fig. 3A) . The presence of 1,25(OH) 2 D 3 decreased the proliferation, resulting in a reduction of the cell number by ∼20%. The monoterpenes, added to the cells treated with 1,25(OH) 2 D 3 , had minor effects, inhibiting proliferation by 10% or less.
To test the cytotoxic effect of the monoterpenes, the release of LDH into the medium was determined (Fig. 3B) . Treatment with monoterpenes did not affect LDH release, except for menthol, which reduced the LDH release. As expected, the total LDH in all the cultures was the same (data not shown), because the cell number was not changed by the treatment with monoterpenes.
In Fig. 4 , the effect of monoterpenes on alkaline phosphatase activity and on the levels of transcripts encoding RANKL and OPG, respectively, in osteoblasts in the presence of 1,25(OH) 2 D 3 was studied. 1,25(OH) 2 D 3 alone increased both the activity of alkaline phosphatase (Fig. 4A ) and the expression of RANKL mRNA about 3-fold but reduced that of OPG mRNA to <10% (the latter two are not shown). Borneol and menthol at all concentrations increased, and 100 M perillyl alcohol and perillic acid reduced, alkaline phosphatase by up to 20% (Fig. 4A) . The expression of RANKL and OPG mRNA was significantly changed by some of the monoterpenes (Figs. 4B and 4C ).
Effect of monoterpenes on the formation of OCLs from spleen cells
All the monoterpenes inhibited OCL formation dose dependently, except borneol that inhibited at 1 and 100 M but not at 10 M (Fig. 5A ). Perillic acid inhibited only at 100 M, whereas the other monoterpenes did at 10 and 100 M. This reduction in the cell number can not be explained by a toxic effect, because the release of LDH was not increased (Fig. 5B) . In the presence of borneol and menthol, it was even decreased, significantly in the case of menthol.
Effect of monoterpenes on actin rings
We showed earlier that the monoterpene borneol inhibits actin ring formation in isolated rat osteoclasts at relatively high concentrations of 0.3 and 1 mM. The inhibition appears within 30 minutes and is reversible. (4) In this study, the effects of various monoterpenes on the number of osteoclasts remaining attached to FBS-coated glass coverslips and on the actin ring formation were studied. At a concentration of 1 mM, transverbenol, perillyl alcohol, and thymol, and at 0.1 mM, perillyl alcohol reduced the number of osteoclasts attached to the coverslip (Fig. 6A) . The effect of 1 mM thymol is probably toxic, because when added to other cells cultured for 1 day or longer, it also drastically reduced the cell number (data not shown). The proportion of osteoclasts with actin rings was reduced by 1 mM borneol, transverbenol, perillyl alcohol, menthol, and perillic acid (Fig.  6B ). Borneol and menthol were the most potent, although they had no effect on the attachment. No effects were observed for all the monoterpenes tested at a concentration of 0.1 mM. The glucuronide of menthol, a metabolite formed in the rat and excreted in the urine (M Spichiger, personal communication, 2004), did not influence attachment or actin ring formation (data not shown).
Effect of menthol is reversible
Isolated rat osteoclasts attached to glass coverslips were incubated either for the whole period of 6 h in the absence of menthol (control) or for 3 h with menthol and during the next 3 h with or without menthol. As seen in Fig. 7 , the number of osteoclasts attached to the coverslip was de- creased to about one-third when incubated with menthol for the first 3 h, and the percentage of osteoclasts with actin rings was <10%. After removal of menthol, the actin rings reappeared, and the proportion of osteoclasts with actin ring(s) reached the level of the control after 2 h. These results indicate that the effect of menthol on actin ring formation is reversible. They fully agree with those found earlier for borneol. ( 
4)
DISCUSSION
Bone resorption depends on the activity and the number of osteoclasts. Therefore, within this study, the effect of monoterpenes was studied on the development of OCLs in vitro and on the activation of isolated osteoclasts.
The co-culture experiments with bone marrow cells and osteoblasts showed that monoterpenes inhibit OCL forma- tion at concentrations as low as 1 M. It has been proposed that monoterpenes inhibit cell proliferation (e.g., in tumor cells) through an impairment of the isoprenoid synthesis. (2, 15, 16) The inhibition of OCL formation by monoterpenes does not occur through such a mechanism, because the inhibition could not be reversed by farnesol or geranylgeraniol. This was in contrast to the control experiment, where inhibition of OCL formation by mevastatin, a drug blocking the mevalonate synthesis, was reversed by geranylgeraniol. This substrate thus is able to rescue OCL formation, which is impaired by a block in the isoprenoid pathway. In our co-cultures that were stopped at day 5, the inhibition by mevastatin was reversible only when mevastatin was given during the last 24 h. In contrast, Fisher et al. (20) reported a reversal of the inhibition by lovastatin when geranylgeraniol was added during the last 2 days to a co-culture of 7 days. In this report, the recovery caused by the addition of geranylgeraniol was only ∼30% compared with the 70% shown in Fig. 2B . Our cultures were stopped relatively early, before the maximal number of OCLs was reached. Comparing the two types of co-cultures, it seems that cells are more sensitive when the inhibitor of isoprenoid synthesis is added early to the culture.
The co-culture contains two cell types: osteoblasts and hemopoietic cells. The osteoblasts produce CSF-1 and RANKL, the cytokines that are required for the formation of osteoclasts, and osteoprotegerin (OPG), a soluble, inactivating decoy receptor for RANKL. The precursor cells derive from the hemopoietic cells. The monoterpenes may, 
FIG. 7.
The effect of menthol on the formation of actin rings is reversible. Rat osteoclasts were incubated ± 1 mM of menthol for 3 h (this period is not shown in the figure). Then (time ‫ס‬ 0), the medium was changed, and the nontreated osteoclasts were incubated without menthol (□), and the menthol-treated coverslips either with (Ⅵ) or without menthol (᭺) for a further 3 h. The results (two independent experiments combined, n ‫ס‬ 6 coverslips) present the number of osteoclasts per coverslip expressed as percentage of control (A) and the proportion of osteoclasts with actin ring(s) (B). The absolute value for the control in A is 159 ± 32.5 osteoclasts per coverslip. therefore, act on either the osteoblasts or the hemopoietic cells or on both of these cell types.
As presented in Figs. 3 and 4, the monoterpenes had minor effects on osteoblasts regarding the cell number, the release of LDH, an indicator of cell lyses, and the activity of alkaline phosphatase, an indicator of osteoblast differentiation. Although some values of transcripts encoding RANKL and OPG are increased up to 180% and decreased to 50%, respectively, compared with control cells incubated with 1,25(OH) 2 D 3 , these changes seem to be too small to explain the observed inhibition of OCL formation. Considering that 1,25(OH) 2 D 3 increased the expression of RANKL by about three times and reduced that of OPG down to <10%, the effects of the monoterpenes, in comparison, are minimal. Furthermore, when relevant, they would exert stimulatory, rather than inhibitory, effects on the formation of OCLs.
The formation of OCLs from spleen cells was inhibited by the monoterpenes at concentrations of 10 and 100 M. The potency of borneol and menthol is similar as in the co-culture, whereas that of transverbenol and perillyl alcohol is ∼10 times smaller. Perillic acid had an effect only at 100 M in the spleen cell culture. Thus, the potency varies depending on whether the monoterpenes are added to cocultures or spleen cells. These effects were not caused by a toxic effect because the monoterpenes did not increase the release of LDH in these cultures.
The individual effects of the monoterpenes on the osteoblasts and on the spleen cells were smaller than expected from inhibition of OCL formation in the co-cultures. One reason my be that the hemopoietic cells, the bone marrow cells in the co-cultures and the spleen cells, do not represent the same populations of hemopoietic precursors. Furthermore, the monoterpenes may also act on the interaction between hemopoietic and osteoblastic cells, an interaction that is not possible in monocultures.
To analyze the effect of monoterpenes on the activation of osteoclasts, the percentage of osteoclasts with actin ring(s) was determined. This allows the observation of effects on osteoclast activity much earlier than in the pit assay, where lacunae (pits) excavated from dentin slices are counted. The concentration of the active monoterpenes that was required to reduce the number of osteoclasts with actin ring(s) was 1 mM (Fig. 6) , much higher than required to inhibit the formation of OCLs. This agrees with earlier data, where the effect of monoterpenes on the pit assay was tested. (4) There, cis-verbenol and camphor inhibited at 1 mM and borneol at 1 and 0.1 mM. It might be that the longer exposure of the osteoclasts to the monoterpenes in the pit assay, 24 h compared with 3 h in the actin ring experiment, may slightly increase the potency. The reason why menthol did not reduce osteoclast attachment in Fig. 6 , but in Fig. 7 , may be that 1 mM may be a critical concentration that may or may not affect cell attachment to the culture dish. Furthermore, the attachment of osteoclasts in the control varied over time and may depend on the individual osteoclast preparation.
The reversibility of the effect of menthol and borneol, (4) indicates that these two monoterpenes do not damage the osteoclasts and agrees with the fact that the monoterpenes do not increase the release of LDH in cultured osteoblasts and spleen cells. Because of their hydrophobicity, the monoterpenes probably accumulate in the cell membrane. When removed from the medium, they seem to be released rapidly. The reason that the glucuronide of menthol is inactive may be caused by its hydrophilic property, the esterification of the hydroxyl group of menthol, and/or the larger size of the molecule. Finally, the important question rises whether the concentration that inhibited OCL formation may also be found in body fluids such as plasma of the blood. In rats that had been administered 400 mg of menthol/kg body weight, a dose that strongly inhibits bone resorption, the concentration in the plasma rose to 20 M within 1 h. Four hours after feeding, it had fallen by at least a factor of 10. (21) This suggests that menthol may inhibit osteoclastogenesis in vivo. Perillyl alcohol and perillic acid are metabolic products of D-limonene. In humans and in the rat, perillic acid is a major metabolite of both limonene and perillyl alcohol. (1) D-limonene is used as food flavoring agent, and therefore taken up with our daily meals. Specific dietary sources of D-limonene are orange and other citrus peel oils, and it is also found in seeds of caraway and dill. Orange juice contains about 100 mg/liter D-limonene.
(1) The maximal plasma concentrations of healthy volunteers, who consumed two lemons with the peel mixed into 1 liter of water together with a light breakfast, were between 2 and 14 M (half-life: 0.8-1.8 h). (22) These concentrations were found to inhibit the formation of OCL in this study. Borneol and verbenol are metabolites of ␣-pinene, present in pine oil. Both compounds have been identified in urine of humans that have been exposed to ␣-pinene or to sawing fumes from pine. (23) The results suggest that the monoterpenes inhibit bone resorption in vivo by a direct effect on osteoclastogenesis. The formation of osteoclasts involves the proliferation of progenitor cells and the differentiation and fusion of precursor cells. This lasts several days. The full inhibition of bone resorption in vivo appeared 2-3 days after the monoterpenes were given to rats. (4) This period is probably shorter than the complete formation of osteoclasts and suggests that the monoterpenes inhibit in vivo the later phase of the process.
